Basaltic lavas form part of the Miocene (~20.5 to 18 Ma) Goldfield-Superstition silicic large igneous province in central Arizona. Most of the basalt erupted early in the development of this southern Basin and Range volcanic province, and only small amounts of basalt co-erupted with the silicic volcanism. We examined 50 samples of basalt from lower, middle, and upper stratigraphic positions of the province to establish basalt petrogeneses, the characteristics of basalt sources, relationships among compositionally different lavas, and the igneous processes that relate various basalt types. We base our study largely on major and trace elements, mineral compositions, and a small data set for Sr, Nd, and Hf isotopes.
Sr/
86 Sr ~0.706). A Nb-Ta anomaly is clear in the hawaiite but weak in the basanite, as the basanite has the highest Nb and Ta observed (~60 and ~3 ppm; lowest Zr/Nb, ~4 versus all others >7).
Relevant interpretations are the following. Absence of ultramafic mantle xenoliths in GoldfieldSuperstition basalts suggests that magmas occupied crustal reservoirs. The two subgroups of the Cottonwood Spring basalts attest to small-scale trace element and isotopic heterogeneities in lithospheric mantle sources that, based on Nb-Ta and Ce versus Ce/Yb modeling, had subduction zone characteristics and were garnet bearing. For Weekes Wash basalts, the decreasing incompatible-element abundances with decreasing MgO is consistent with a hybrid origin by the low-Ti-P subgroup of Cottonwood Spring basalts having assimilated lower crust. Trace-element modeling based on assimilation fractional crystallization (AFC) demonstrates that mixing Cottonwood Spring basalt with ~50 percent (partial) melts of lower-crust pyroxenite in proportions from 80:20 to 50:50 yields Weekes Wash basalt compositions.
INTRODUCTION
The contiguous Goldfield and Superstition mountains in central Arizona (Fig. 1) , located ~50 km east of Phoenix, are composed of nearly 8,000 km 2 of Miocene silicic pyroclastic rocks, largely ash-flow tuffs, and silicic, andesitic, and basaltic lavas (Peterson, 1968; Sheridan et al., 1970) . These mid-Cenozoic rocks represent volcanism within the southern Basin and Range province near the physiographic boundary that marks its transition to the Colorado Plateau (Fig. 1A) .
Despite the vastness of the Goldfield-Superstition volcanic province (G-SVP)-a silicic large igneous province (SLIP)-and its easy access from an urban setting (Phoenix), few compositional studies of the province have been made. Whole-rock major element and isotope compositions of its basaltic, andesitic, and silicic rocks are limited to a small 1970s database (Sheridan et al., 1970; Stuckless and Sheridan, 1971; Stuckless and O'Neil, 1973) and recent M.S. theses (Singer, 2009; Dombroski, 2010) . In contrast, detailed petrologic information is available for other southern Basin and Range volcanic fields located from ~125 to 300 km west, southwest, and northwest of the G-SVP study area-e.g., Colorado River trough (Ormerod et al., 1988) , southwestern Arizona (Spencer et al., 1995; Lopez and Cameron, 1997) , and Mogollon-Datil, New Mexico .
On the other hand, geochronology for the G-SVP is relatively current because 40 Ar/ 39 Ar ages were acquired in the late 1990s by McIntosh and Ferguson (1998) for sanidine-bearing rocks. The ages for this largely silicic province are ~20.5 to 18 Ma, which place it into the volcanic and tectonic framework observed for other mid-Cenozoic Basin and Range volcanic provinces. Namely, the G-SVP broadly coincides with plate dynamics that brought Laramide convergence and Farallon plate subduction to a close and initiated lithospheric extension to develop the Basin and Range. This report provides compositional details to characterize the mafic magmatism in the G-SVP, which is represented by basaltic lavas exposed over a relatively small, ~175-km 2 area along the western part of this SLIP (Fig. 1B) . We establish the petrogeneses for the various basalt types, their relationships to one another, and the igneous processes they underwent, including interactions with crustal rocks. We also evaluate the source compositions for the lavas, and compare their overall characteristics with other age-equivalent basalt fields of the southern Basin and Range.
Our report is based on a study of 50 samples of lavas for their petrography, whole-rock major-and trace-element compositions, mineral compositions, and preliminary assessment of some Sr, Nd, and Hf isotopic compositions. Among our conclusions are that: G-SVP magmatism yielded a variety of alkalic and alkalic-to-tholeiitic transitional basalts, including hawaiite, basanite, and Fe-Ti enriched; these basaltic lavas have subduction-component characteristics acquired from garnet-bearing (and possibly amphibole-bearing) subcontinental lithospheric mantle with small-scale trace-element heterogeneity; that assimilation of partial melts of lower crust by the early basalt magmas accounted for much of the variety of basalt types present; and that final mafic magmatism was basanite from a carbonitized garnetbearing source.
GENERAL BACKGROUND AND EARLIER STUDIES
The southern Basin and Range is a late-Cenozoic extensional and fault-block province that trends northwest-southeast from southern California, through southern Arizona, to southwestern New Mexico (Fig. 1A) . The Goldfield-Superstition volcanic province occupies the northern part of this physiographic feature, in central Arizona near its transition to the Colorado Plateau (Fig. 1A) . Like many western North America Cenozoic volcanic provinces ( Gans et al., 1989; Faulds et al., 2001; Elston, 2001) , the eruptive history of the G-SVP began with mafic-intermediate-composition lavas, followed by eruptions of rhyolite-rhyodacite-quartz latite-dacite as mainly ash-flow tuffs but also as lavas (e.g., Sheridan et al., 1970; Stuckless and Sheridan, 1971; Skotnicki and Ferguson, 1995; Dombroski, 2010) . Volcanism appears to have concluded with small volumes of basaltic lava attending the final pyroclastic eruptions (Sheridan et al., 1970; Skotnicki and Ferguson, 1995) .
The tectonic framework for the G-SVP falls into the broad evolution of Cenozoic western North America: (1) convergent-margin tectonics associated with Farallon plate subduction (e.g., calc-alkalic magma characteristics; Lipman et al., 1972; English and Johnston, 2004) ; (2) mid-Cenozoic extensional tectonics after the subduction system began to founder and 'roll-back' at ~35 Ma (e.g., Wernicke, 1992; Parsons, 1995; Spencer et al., 1995; Humphreys et al., 2003) ; and (3) a mid-to late-Miocene block-faulted tectonic regime (e.g., Lipman, 1992) .
In central Arizona, the basement exposed to initial Goldfield-Superstition volcanism was Precambrian granitoid rock locally overlain by Miocene Whitetail arkosic conglomerate. The crystalline rocks are the Ruin and the Madeira granitoids, ~1400 Ma and 1540 Ma, respectively. These are fission-track ages (Stuckless and O'Neil, 1973; Kilbey, 1986) , but are nonetheless consistent with U-Pb zircon ages for Proterozoic crust in central Arizona (Karlstrom et al., 1987) .
The volcanic stratigraphy and structures identified for the G-SVP are from two main sources: (1) M.S. theses (largely mapping) by Arizona State University students under the supervision of Professor M. F. Sheridan from ~1967 to 1988, and (2) field mapping and 40 Ar/ 39 Ar dating (~18-20.5 Ma) of sanidine in lavas and pyroclastic rocks by the Arizona Geological Survey in the 1990s (e.g., Skotnicki and Ferguson, 1995; McIntosh and Ferguson, 1998) . The 40 Ar/ 39 Ar ages replace the first G-SVP geochronology established by Stuckless and Sheridan (1971) and Stuckless and O'Neil (1973) , and the K-Ar ages of Damon and Bikerman (1964) . 40 Ar/
STRATIGRAPHY AND

39
Ar AGES
Although the G-SVP is ~8000 km 2 , exposures of basaltic lavas are restricted to the western part of the province, mainly within the Goldfield Mountains (Fig. 1B) . The established stratigraphic nomenclature pertinent to this study is that of Kilbey (1986) , who described three basalt types, two major and one minor, that were emplaced early in the development of the volcanic field. One principal type is called the Weekes Wash. It is largely basalt with some interlayered basaltic andesite and andesite lavas, and it was emplaced on basement granitoid rocks and Whitetail conglomerate, as well as, to a small extent, some small-volume rhyolite domes of Bulldog Canyon (Figs. 1B, 2) . Overlying the Weekes Wash is the Cottonwood Spring basalt (Fig. 2) . The Cottonwood Spring basalt is separated from the Weekes Wash basalt by the Saddle Rock tuffaceous breccia (Kilbey, 1986) at outcroppings slightly north of the national forest boundary (Fig. 1B) . Additionally, two float samples of what we interpret to be Cottonwood Spring basalt, based on compositions, were collected from the northern Goldfield Mountains, ~8 km from the forest boundary outcroppings.
The third basalt is called the Apache Gap, and it occurs in sparse exposures stratigraphically above Cottonwood Spring basalt but separated from it by a sequence of plagioclase-phyric andesitic lavas that Kilbey (1986) called Government Well (Fig. 2) . Figure 1B shows the sample locations, and Table 1 lists the latitude-longitude for each sample.
All of these early G-SVP mafic lavas are younger than ~20.5 Ma. The basis for this age reference is the identification of a stratigraphic 'horizon' formed by three rhyolite domes in Bulldog Canyon that McIntosh and Ferguson (1998) believe to represent the onset of volcanism in the G-SVP (Fig. 2) . Two of these domes yielded 20.4-and 20.6-Ma 40 Ar/ 39 Ar sanidine ages. The early basaltic lavas were followed by great outpourings of ash-flow tuffs (e.g., Tule Canyon and Apache Leap tuffs, Fig. 2 ), and their sanidine ages place an upper age of ~19 Ma for the early basaltic lavas (McIntosh and Ferguson, 1998) .
After silicic pyroclastic and lava eruptions commenced at ~19 Ma, isolated basaltic lavas were emplaced in the northern Goldfield Mountains near Canyon Lake (Fig. 1B) . Based on 40 Ar/ 39 Ar ages for the underlying Apache Leap tuff and for an overlying tuff within a pervasive volcaniclastic formation (T cv of Ferguson and Gilbert, 1997) , the age of these isolated basalts are ~18.5 Ma (bracketed by 18.47-Ma and 18.58-Ma ages; McIntosh and Ferguson, 1998) (i.e., ~500,000 years younger than Weekes Wash and Cottonwood Spring lavas).
Younger basalt lavas are at Willow Springs Canyon and Black Mesa (or Hackberry Mesa)(e.g., Skotnicki and Ferguson, 1995; Ferguson and Gilbert, 1997) (Fig. 1B) , which we accordingly call Willow Springs and Black Mesa in this paper. The Willow Springs and Black Mesa lavas are stratigraphically above the Tule Canyon and Apache Leap tuffs and the volcaniclastic T cv formation, and are therefore no older than ~18.5 Ma based on the 40 Ar/
39
Ar ages of underlying rocks (McIntosh and Ferguson, 1998) .
A K-Ar age of 18.26 ± 3 Ma was determined for a Willow Springs basalt sample by Damon (1969) and is therefore consistent with the 40 Ar/ 39 Ar ages, the large margin of error notwithstanding. Additionally, a 14.2-Ma K-Ar age is published for Black Mesa lava (e.g., Scarborough, 1981; Skotnicki and Ferguson, 1995) , but in view of the ~20.5-18.0-Ma sanidine ages for G-SVP volcanism, that relatively young K-Ar date for G-SVP volcanism is doubtful.
FIELD AND PETROGRAPHIC CHARACTERISTICS
Based on stratigraphy and ages, and in particular on the enduring pyroclastic emplacements lasting at least 500,000 years, we broadly group the mafic lavas as: (1) a lower section of Weekes Wash, Cottonwood Spring, and Apache Gap basaltic lavas; (2) a middle section of basalts (i.e., at Tortilla Flat); and (3) an upper section of Willow Springs and Black Mesa basaltic rocks (Fig. 2) . Modal compositions, outcrop descriptions, and petrography are presented in Tables 1 and 2 , and photomicrographs of petrographic features are in Figure 3 .
ANALYTICAL TECHNIQUES
Major elements were determined on glass discs using a Philips 1410 X-ray fluorescence spectrometer Figure 2 . A generalized stratigraphic column showing the basalt formations sampled in terms of stratigraphic positions and names for the different lava groups, all relative to basement rock and interlayered silicic volcanic rocks of the GoldfieldSuperstition silicic large igneous province. The nomenclature is largely based on Kilbey (1986) , and the Miocene ages and the reference to rhyolite domes are from McIntosh and Ferguson (1998) . Precambrian ages are from Stuckless and O'Neil (1973) . 
All volume percentages are based on 1700 to 2500 points per thin section. * = groundmass includes nepheline.
at North Carolina State University (NCSU) (Fodor et al., 1992) . Before analyses for major elements, rock chips with obvious calcite were powdered and washed with dilute (10 percent) HCl to reduce or remove any influence from seemingly secondary carbonate on whole-rock determinations for CaO. Trace element analyses were acquired by one of three procedures:
(1) Rb, Sr, Ba, Zr, Nb, Y, and Ni by the same instrumentation for major elements, but on pressed powers; (2) all other trace elements, and in particular the rare earth elements, by either neutron activation at Oregon State University Radiation Center, or (3) by ICP-MS at Centenary College using a Perkin Elmer/Sciex Elan 9000. The distinction between techniques (2) and (3) are in the number of reported rare earth elements (REE) in Table 3 , where a full set of REE reported specifies acquisition by ICP-MS. Mineral compositions were determined using an ARL-SEMQ electron microprobe at NCSU. The reference standards were olivine, clinopyroxene, orthopyroxene, feldspar, ilmenite, and chromite provided by the Smithsonian Institute, plus a synthetic Ni-doped diopside. A 1-2-μ electron beam was used for 10-second count times per spot for both peaks and backgrounds. Isotope analyses are from two sources, each using: (1) sole 87 Sr/ 86 Sr ratios for four samples determined at the University of North Carolina-Chapel Hill isotope lab; and (2) the suite of Sr, Nd, and Hf isotopic ratios for two samples were determined at Florida State University Magnet Lab (Huang et al., 2005) .
ANALYTICAL RESULTS
Overview
W hole-rock compositions for 50 G-SV P samples are organized in Table 3 
Major Elements
Lower Section
Weekes Wash samples are grouped as: (1) primitive basaltic lavas that have 10.2 to 8.1 wt. % MgO, and (2) as evolved lavas ranging from ~8 to 2.5 wt. % MgO. On a SiO 2 versus total alkalis diagram (Fig. 4) Kempton et al., 1991; Bradshaw et al., 1993) .
Samples of Weekes Wash evolved lavas (≤ 8 wt. % MgO), some of which contain felsic xenocrysts and have alteration features, mainly fall within a wide range from ~52 to 62 wt. % SiO 2 and plot as basaltic andesite, andesite, and trachyandesite (Fig.  4) . The MgO panels in Figure 5 show that Weekes Wash evolved lavas include many samples with major element abundances comparable to those in Weekes Wash basalts, and that collectively the abundances scatter widely. Some distinctions from the basalts are the largely lower FeO and CaO concentrations that vary by factors of ~2 and ~4, respectively, and higher CaO in two samples that is probably due to secondary calcite not fully removed during sample preparation. This affects Al 2 O 3 /CaO, which otherwise trends with decreasing MgO to ratios far greater than those for the basalts, and mimics the SiO 2 trend with MgO. Other distinctions include scattered K 2 O abundances that are generally higher than in the basalts and vary by a factor of ~3, and scattered P 2 O 5 concentrations that vary by a factor of ~7.
The Cottonwood Spring basalts relative to Weekes Wash basalts have a higher MgO range, most from 10.1 to 11.8 wt. %, lower SiO 2 , 45.5-47.5 wt. %, and alkalic compositions (Fig. 4) . The MgO plots show that most of these lavas have more CaO, P 2 O 5 , and TiO 2 (up to 1.6 wt. %), and lower Al 2 O 3 than Weekes Wash basalts. Notable is the relatively wide range of abundances for certain major elements, such as P 2 O 5 , TiO 2 , and Al 2 O 3 , over a relatively small MgO range of ~11.8 to 10.8 wt. %. These differences are unlikely due to weathering or alteration, and they serve as basis for two subgroups within Cottonwood Spring basalts that we identify as high TiO 2 -P 2 O 5 and low TiO 2 -P 2 O 5 -or for (Fig. 1B) . Lava thicknesses range ~1-10 m, with the thinnest outcroppings interleaving with ashy-volcaniclastic layers.
Petrography: Olivine phenocrysts (~1-9 vol. %; 0.5-1.5 mm) are largely altered entirely or partly to iddingsite (Fig.  3A) ; fresh olivine is rare. Clinopyroxene phenocrysts are less common (generally <5 vol. %; 0.3-1.5 mm) (Fig. 3A) ; and plagioclase phenocrysts (<1.6 vol. %) are uncommon ( Fig. 3B ). Xenocrysts of quartz ( Fig. 3C ) and, to lesser extent plagioclase, range from ~0.1-1.8 vol. %, as estimated from thin sections. Groundmasses are intergranular-textured plagioclase, clinopyroxene, iddingsite, and Fe-Ti oxides, generally with a pilotaxitic aspect. In severely altered specimens, groundmasses are felted, contain areas of calcite up to ~20 vol. % (with some calcite pseudomorphs after phenocrysts), and albite is produced from original groundmass plagioclase by alteration; these samples are largely those with felsic xenocrysts.
Cottonwood Spring
Field exposures: generally black, fresh, and blocky.
Petrography: Petrography and modal assemblages vary at different outcroppings. Most samples have olivine and clinopyroxene as phenocrysts and/or microphenocrysts (0.5-2 mm), but with differing amounts of clinopyroxene (<1 vol. % to ~4-7 vol. %) to create two modal subgroups (Fig. 3D, E) . Groundmasses are intergranular and may have weakly birefringent glass devitrifying to alkali feldspar. Clinopyroxene phenocrysts are optically zoned normally, and some olivine phenocrysts contain Cr-Fe-oxide inclusions. Rare crustal xenoliths occur in Cottonwood Spring lavas as 2-cm fragments of anhedral-granular granitoid rock (Fig. 3F ). brevity, high Ti-P and low Ti-P (the high-Ti-P subgroup has the higher modal clinopyroxene; Table  1 ). On the other hand, K 2 O varies by a factor of ~4, due in part most likely to alteration in two samples. Finally, two float samples collected ~8 km from the main Cottonwood Spring outcroppings plot with the high-Ti-P subgroup but have slightly less MgO, ~9.5 wt. %. Apache Gap basalt plots in the alkalic field of the SiO 2 diagram, but its MgO of 5.6-7.6 wt. % is more evolved than observed for other lower section basalts. Most other major elements in Apache Gap basalt are comparable to the abundances in Weekes Wash basalts, but this lava has distinguishing high FeO and TiO 2 , ~12 wt. % and ~2.6 wt. %, respectively. The elevated Fe and Ti are manifested as abundant groundmass oxide grains.
Middle Section
These lavas have major element compositions that largely overlap those of Weekes Wash basalts as transitional between tholeiitic and alkalic (Fig.  4) . A noticeable difference is that one lava has comparatively low K 2 O and P 2 O 5 abundances (Fig. 5) .
Table 2 (continued).
Apache Gap Field exposures: Weathered gray-to reddish-black, and fractured.
Petrography: Phenocrysts of olivine (iddingsite rims or completely iddingsitized) and plagioclase, each ~0.5-2 mm; some samples with sodic plagioclase xenocrysts with resorbed and/or spongy margins (Fig. 3G) . Groundmasses are intergranular and rich in <0.1-mm-sized Fe-Ti oxide grains.
Middle Section Basalts
Two blocky outcroppings ~3-4-m thick appear moderately fresh, but thin sections reveal that these basalts have 7-8 vol % olivine, 1-3 mm, fully or partially iddingsitized (Fig.  3H ). Clinopyroxene and plagioclase are sparse as microphenocrysts ~0.5-1 mm, and groundmasses are microcrystalline to intergranular.
Upper Section Lavas Willow Springs
Blocky, generally fresh, black outcroppings 10-20-m thick forming mesa cappings over a thick (~50 m) volcaniclastic layer (Tcv of Ferguson and Gilbert, 1997) . It is olivinephyric (some as iddingsite), 9-10 vol. %, and contains sparse (~0.5 vol. %) clinopyroxene phenocrysts (Fig. 3I ). The groundmass is intergranular and pilotaxitic.
Black Mesa Blocky and generally fresh, black outcroppings ~15-20-m thick that overlie volcaniclastic layer Tcv. Basalt is clinopyroxene-phyric, ~4-7 vol. %, where the grains (0.5-1.5 mm) occur both as glomerocrysts and individually and are strongly zoned normally ( Fig 3J) . Olivine phenocrysts are also present, ~1-2 vol. %. The groundmass is intergranular and includes nepheline, identified by microprobe.
Upper Section
The Willow Springs lava plots as hawaiite in Figure 4 where total Na 2 O+K 2 O for three samples is between 5.3 and 5.9 wt. %. Its MgO is ~8.9 to 10.3 wt. %, and the major elements of Willow Springs hawaiite plot either comparable to Weekes Wash basalts or as an extension from Cottonwood Spring basalt compositional fields (Fig. 5) .
Black Mesa lava is separate from all other basalts as a SiO 2 -undersaturated basanite, having ~44 wt. % SiO 2 (Fig. 4) . It is additionally distinguished from other basaltic rocks by the highest observed CaO, ~14.8 wt. %, among the highest P 2 O 5 , ~1.3 wt. %, and relatively low MgO, ~8 wt. %.
Trace Elements
Trace element abundances in G-SVP mafic lavas are in Table 3 and illustrated in MgO variation diagrams and as trace-element patterns in Figures 6 to 8. We organized the trace-element presentation in elemental groups that address: (1) large-ion lithophile elements (LILE), (2) high-field strength elements (HFSE), (3) transition metals Ni and Cr, and (4) rareearth element and primitive-mantle normalization patterns for each stratigraphic section of basaltic lavas.
Lower Section
Among LILE, the abundances for Ba, Sr, Rb, and Th in Weekes Wash basalts vary by a factor of nearly two over the MgO range 10.2 to 8.1 wt. %.
For example, Ba is ~700-1250 ppm, Sr ~800-1500 ppm, and Th ~4-7 ppm. La varies from ~44 to 62 ppm. There are general correlations of decreasing Ba, Sr, La, and Th with decreasing MgO.
The LILE abundances among Weekes Wash evolved lavas (8-2.5 wt. % MgO) range widely without trends as they overlap or are higher or lower than those in Weekes Wash basalts. Some of these abundance ranges, however, are likely due to alteration, such as for Sr >2000 ppm and Ba >1400 ppm.
Cottonwood Spring basalts have Ba and Sr abundances that overlap those in Weekes Wash basalts to notably higher, ~1000 -2200 ppm Ba and ~1300-2200 ppm Sr, and have La and Th abundances that are higher than in Weekes Wash basalts (~66-122 ppm La; ~8-11 ppm Th). Abundances of Rb are about the same as in Weekes Wash basalts, ~10 to 20 ppm, except for a few values probably elevated by alteration. The LILE abundances in Cottonwood Spring basalts, with exception of Rb, correspond to the high-and lowTi-P subgroups; accordingly the two subgroups have overall higher or lower relative amounts of Ba, Sr, La, (Macdonald and Katsura, 1964) . Symbols for some lava groups (see Fig. 2 ) are encircled for clarity.
Figure 5 (continued on page 13). MgO variation diagrams for major element abundances in lava samples studied of the G-SVP. Symbols for some lava groups are encircled in some panels for clarity. All values are in wt. %. and Th. In the Apache Gap Fe-Ti-rich lava, Ba, Sr, Th, and La are generally lower than in other basalts, but Rb abundances are comparable to Rb in Weekes Wash basalts.
For HFSE, the abundances of Zr, Nb, Ta, and Hf in Weekes Wash basalts vary by factors of 1.5 to 2, and generally decrease with decreasing MgO (Fig.  6 ), as do the LILE. There is a scattered distribution for Y, ~23-31 ppm. The HFSE concentrations in Weekes Wash evolved lavas largely overlap those of the basalts, but can also be higher (Zr, Nb, Hf) or lower (Y) than in the basalts. That is, overall they scatter without defined trends.
Among Cottonwood Spring basalts, the highTi-P subgroup is enriched over Weekes Wash in Zr, Y, Hf, Ta, and partly so for Nb. But in the low-Ti-P subgroup, most all HFSE overlap Weekes Wash basalts. Additionally, Cottonwood Spring basalt Zr, Y, Hf, and Ta abundances conform to the high-and low-Ti-P subgroups and plot accordingly at a given MgO (Fig. 6 ). The Apache Gap FeTi basalt has HFSE abundances comparable to those of Weekes Wash basalts. By this lava having lower MgO, its HFSE appear to form compositional extensions of the HFSE fields for Weekes Wash basalts.
Transition metals Ni and Cr in Weekes Wash basalts have abundances that display sharp decreases with decreasing MgO. Many of the Weekes Wash evolved lavas have Ni and Cr abundances comparable to those of the basalts, and some have notably lower amounts-such as <60 ppm Ni and Cr at MgO ~2.5-5 wt. %. The Ni and Cr in Cottonwood Spring lavas overlap the abundances in Weekes Wash basalts but do not conform to Ti-P subgroups. The relatively lowMgO Apache Gap basalt has Ni and Cr abundances appropriately low, ~75-100 ppm Ni and ~110 ppm Cr, notably less than in Weekes Wash basalts.
Chondrite-normalized R EE patterns for Weekes Wash basalts display light-REE (LREE) enrichment, where La (n) is ~140-200, and middle to heavy REE patterns flatten to create Ce/Yb (n) ratios that range ~13 to 20 ( Fig. 7A ; Table 3 ). Primitivemantle normalized patterns for Weekes Wash basalts illustrate Nb and Ta negative anomalies, a small Ti anomaly, and a peak at Ba (Fig. 8A) .
The REE patterns for Weekes Wash evolved lava samples either overlap the basalt patterns, are slightly richer in LREE to where La (n) is ~200-340, or notably lower to La (n) ~75 (Fig. 7B ). These LREE comparisons among evolved lavas correspond to the wide scatter observed among their LILE abundances. Their Ce/ Yb (n) ratios are ~8-32, creating an overlapping and wider range than Ce/Yb (n) in the basalts. All evolved lavas have mantle-normalized patterns with Nb and Ta negative anomalies, some "deeper" than in the associated basalts (Fig. 8B) , and several have notable P 2 O 5 negative anomalies.
The REE patterns for Cottonwood Spring alkalic basalts are elevated relative to Weekes Wash basalts, where La (n) is ~250 for the low-Ti-P subgroup and ~350 for the high-Ti-P subgroup (Fig. 7C ). The LREE enrichment relative to Weekes Wash basalts is shown by Ce/Yb (n) ratios of ~30-42 (Table 3) for the high-Ti-P subgroup (Fig. 7C ). Primitive-mantle normalized patterns show Nb, Ta, and Ti negative anomalies and K negative anomalies for some samples (Figs. 8C). Those not showing K anomalies likely have elevated K owing to alteration.
The Apache Gap FeTi basalt has low total REE and relatively flat REE patterns (Fig. 7D ). The Ce/ Yb (n) ratios of ~7 are among the lowest observed (Fig.  7D ). The primitive-mantle trace element patterns have comparatively weak Nb-Ta anomalies or none, and additionally have Th negative anomalies (Fig.  8D ).
Middle Section
I nc omp a t ible e le me nt a nd C r a nd Ni concentrations in the two middle section lavas overlap the field for Weekes Wash basalts or are lower (Fig. 6 ). In particular, sample TF1 is depleted in comparison, and both middle section samples have REE patterns that show slightly lower LREE and Ce/Yb (n) (~6-10) than Weekes Wash basalts (Fig.  7E) . Their Nb-Ta anomalies are comparable to those of Weekes Wash basalts (Fig. 8E ). 
Upper Section
The MgO diagrams show that LILE (except Th), HFSE, Ni, and Cr abundances in Willow Springs hawaiite are largely like those of Weekes Wash basalts and additionally form compositional extensions from the low-Ti-P Cottonwood Spring subgroup (Fig. 6) . The Willow Springs hawaiite REE and primitive-mantle normalization patterns are generally like those for Weekes Wash basalts. They also have Nb-Ta negative anomalies and Ce/ Yb (n) ratios (14-18) like those of Weekes Wash basalts (Figs. 7F, 8F ). But the hawaiite also has a Th negative anomaly (Fig. 8F) .
Black Mesa basanite is distinct from other lavas by some elevated incompatible-element abundances, mainly the LILE Ba, Th, and La, but it is relatively low in Rb (Fig. 6) . Abundances of the HFSE Zr, Y, and Hf resemble those in Cottonwood Spring high-Ti-P basalts, but two HFSE, Nb and Ta, are notably higher (Fig.  6) . The Ni and Cr abundances in Black Mesa basanite are nearly the lowest observed for any basalt and are consistent with its ~8 wt. % MgO. The REE patterns for Black Mesa are enriched and comparable to those for the high-Ti-P subgroup of Cottonwood Spring basalts but with slightly lower Ce/Yb (n) ratios, ~28 (Fig. 7F) . The basanite appears to have a Nb-Ta negative anomaly, but it is somewhat obscured by an additional K negative anomaly that is greater than the K anomalies observed for Cottonwood Spring basalts, and by having the highest Nb and Ta of all G-SVP basalts (Figs. 6, 8F ).
Mineral Compositions
Olivine
Fresh olivine phenocrysts are rare in Weekes Wash lavas, but the compositions of some grains are in Table 4 and illustrated in Figure 9 . Some relatively large phenocrysts, >1 mm, have primitive core area compositions ~Fo [86] [87] [88] [89] , but other grains have more evolved, normally zoned compositions, ~Fo [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . Core areas of olivines in Cottonwood Spring lavas are equally primitive, ~Fo [86] [87] [88] [89] in some samples, and evolved and zoned in others, ~Fo [77] [78] [79] [80] [81] [82] [83] [84] [85] .
Based on FeO/MgO partitioning between olivine and liquid equal to 0.3 ± 0.03 under equilibrium crystallization (Roeder and Emslie, 1970) Olivine cores in Apache Gap basalt are the most evolved, ~Fo [63] [64] [65] , and consistent with, but not in equilibrium with (K D ~0.7), the enriched Fe-Ti bulk rock composition. Olivines in a middle section lava and the upper-section Willow Springs hawaiite have Fo that overlaps olivine Fo in the lower section basalts, ~Fo [84] [85] [86] [87] , and are in equilibrium with their host rock compositions (Table 4) . Olivine in Black Mesa basanite is widely zoned, ~Fo [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] .
Clinopyroxene
Representative clinopyroxene compositions are in Table 4 and illustrated in quadrilaterals and Mg# variation diagrams of Figures 10 and 11 . The Figure 8 . Primitive-mantle normalizations (after Sun and McDonough, 1989) for trace elements in basaltic lavas of the G-SVP, arranged in panels to illustrate the compositions within the various lava groups. Increasing trace-element incompatibility is leftward along the x-axis. most primitive clinopyroxene compositions in Weekes Wash basalts have Mg#s of 86-89, and in quadrilaterals they range Fs 6-12 Wo [40] [41] [42] [43] [44] [45] [46] [47] . Some basalts, however, have phenocryst Mg#s 81-86, and with zonations to Mg# ~75. These are all high in Al 2 O 3 , from ~3 to 7 wt. %, and there is correlation of increasing Al 2 O 3 with decreasing Mg# in some samples (Fig. 11) . Among the clinopyroxenes with highest Mg#, Cr 2 O 3 abundances can be correspondingly high, >0.75 wt. % (Table 4) .
In the Weekes Wash evolved lavas, many clinopyroxene Mg#s overlap those in the basalts, but overall are not as primitive, having Mg#s <87, and ~Fs [8] [9] [10] [11] [12] . There is good correlation between Al 2 O 3 and MgO, where some samples reach ~8 wt. % Al 2 O 3 (Fig. 11) .
Among Cottonwood Spring lavas, clinopyroxene Mg#s, Al 2 O 3 , and Fs all overlap those in Weekes Wash basalts but also have some core areas higher in Mg#, ~90. Additionally, these clinopyroxenes trend toward higher CaO, as expressed by ~Wo 50 (Fig. 10) .
Clinopyroxene in one middle section basalt is at the low end of the Mg# range for Weekes Wash basalts, having Mg# 78-82 and Fs 10-13 . In the upper section, Willow Springs and Black Mesa lavas have clinopyroxene maximum Mg#s ~86, and they are zoned to at least Mg# 76. They generally overlap Weekes Wash basalt clinopyroxene compositions. But clinopyroxene in Black Mesa basanite has higher Wo, ~47-51 mol%, and a wider Al 2 O 3 range, 3-10 wt. %, to attend its 86-72 Mg# range (Fig. 11) . Strong within-grain zoning is shown for one analysis in Table 4 .
Plagioclase
Representative compositions for plagioclase in the few samples that contain phenocrysts are listed in Table 5 and illustrated in Figure 12 . One Weekes Wash basalt has calcic labradorite, and a second has sodic andesine xenocrysts. Among the Weekes Wash evolved lavas is one with labradorite, and another with xenocrysts of albite (not plotted). Albite is the groundmass feldspar of strongly altered samples, such as GW3 (Table 5 ). The Apache Gap basalt also has labradorite phenocrysts, but one sample additionally has large phenocrysts zoned from bytownite to labradorite, and another has xenocrysts of andesine zoned to oligoclase and with spongy rims of calcic andesine (Fig. 12) . The middle section lavas have bytownite, as does the upper section Black Mesa basanite. Nepheline is in the basanite groundmass (Table 5) .
Cr-spinel and Fe-Ti oxide
Oxide minerals were analyzed in only three lavas, and the compositions are in Table 5 . One high-Ti-P Cottonwood Spring sample has Cr-spinel with Cr 2 O 3 36 wt. % and another with ~15 wt. %. A low-Ti-P Cottonwood Spring sample has similar Cr-spinel, ~14 wt. % Cr 2 O 3 , inside olivine, and more evolved, ~9 wt. %, attached to an olivine; this sample also has titaniferous magnetite (Usp 32 ). The Willow Springs hawaiite has oxides only as titaniferous magnetite (Usp 50 ).
Isotopic Compositions
We are in the early stages of acquiring isotopic compositions for the G-SVP. Hf ratios for two of those. These data are presented in Table 6 and illustrated in Figure 13 .
Two Weekes Wash basa lts have 87 Sr/ 86 Sr ~0.70555 and are consistent with the 0.7056 ratio reported by Stuckless and O'Neil (1973) for "older basalt." Among Cottonwood Spring lavas, there are two different compositions that correspond with the low-and high-Ti-P subgroups: 0.7052 and 0.7060, respectively. The 87 Sr/ 86 Sr ratio for the Willow Springs hawaiite is close to that of the Cottonwood Spring low-Ti-P 87 Sr/ 86 Sr ratio, ~0.7052, and the Black Mesa basanite ratio is close to that of the Cottonwood Spring high ratio, ~0.7061 (Fig. 13A) .
The two basalts with available Nd isotopic ratios-Weekes Wash, 0.512496, and Cottonwood Spring low-Ti-P subgroup, 0.512552-are plotted with 87 Sr/ 86 Sr in Figure 13A . They fall lower than and to the right of bulk earth values and within the compositional field observed by Kempton et al. (1991) for other basaltic lavas in the transition zone between the southeastern Basin and Range and the Colorado plateau.
Combined with 176 Hf/ 177 Hf ratios, these samples plot along and within the ε Hf -ε Nd array for ocean island and mid-ocean ridge basalts (Fig. 13B) Johnson and Beard, 1993) , which are comparable to some other basalts in southwestern rift environments (e.g., northern Rio Grande rift; Beard and Johnson, 1993) .
----------------------------------------
DISCUSSION
Introduction
The preceding presentation points out several compositional distinctions among basaltic lavas of the Goldfield-Superstition volcanic province. These lavas represent no more than ~2.5 m.y. of Miocene magmatism over a relatively small, ~175-km 2 area. In this section we address: (1) how the different lava compositional groups are related to one another; (2) how lava compositions changed over time and by what igneous processes; and (3) how the lavas characterize their mantle sources. First, however, we note that there are two characteristics of G-SVP basalts that have bearing on our interpretations for petrogenesis: (1) primitive-mantle normalized patterns for the most primitive basa lts have negative Nb-Ta anomalies, and (2) none of the lavas contains ultramafic mantle xenoliths. This first characteristic identifies subduction components in mantle sources for primitive basalts (e.g., Baier et al., 2008) , such as Cottonwood Spring, and the second characteristic, in our estimation, suggests that the basaltic magmas occupied reser voirs for periods during which they had opportunities to differentiate and interact with continental crust. Finally, because there are other compositionand age-comparative Miocene lava provinces in southwestern North America, we explore how the G-SVP basalts fit into the petrology established for basalts elsewhere in the southern Basin and Range.
We f irst address the t wo main basalt groups that represent the earliest mafic magmatism beginning ~20.5 Ma: Weekes Wa s h b a s a lt s , t r a n s it i on a l between alkalic and tholeiitic, and the overlying Cottonwood Spring alkalic basalts. Of these two groups, Cottonwood Spring basalts are the most primitive and most likely to be closest to primary magmas-most samples having between ~10 and 11.8 wt. % MgO-so we discuss these first. Next, within the context of Cottonwood Spring basalt petrology and the stratigraphic positions of other basalt groups, we address the petrology for Weekes Wash lavas, the Fe-Ti-enriched Apache Gap, middle section lavas, and then the upper section hawaiite and basanite lavas. We believe that the petrogeneses of, and the relationships among, G-SVP basalts are best presented from a stratigraphic, or temporal, perspective from the earliest emplacements to the last.
Petrologic Relationships Among Basalt Types
Cottonwood Spring Basalts
T h e t w o s u b g r o u p s o f Cottonwood Spring basa lts, d e f i n e d b y d i f f e r e n c e s i n incompatible element abundances (e.g., TiO 2 , P 2 O 5 , Ba, Zr, Th, Y, Hf ) at a given MgO within 10-11.8 wt. % (Figs. 5, 6 ), cannot be related by differentiation. Instead, the high-Ti-P subgroup could represent a smaller percentage of melting of a mantle source common to both subgroups. However, some ratios between incompatible elements (Fig. 14) differ between the two subgroups and therefore do not support a relationship by partial melting of the same source. Additionally, while we have only two 87 Sr/ 86 Sr isotopic ratios to compare, 0.705 and 0.706 (Table 6 ), they nonetheless point to different sources for the two varieties of Cottonwood Spring basalts.
One other possibility for reconciling the trace element and isotopic differences at the scale demonstrated by Cottonwood Spring Ti-P subgroups could be through assimilation of lower crust. As suggested by xenoliths, the lower crust in central and southeastern Arizona is made up of granulite, amphibolite, and garnet-clinopyroxenite rock types (Esperança et al., 1988; Kempton et al., 1990) . Among them are samples that have appropriate 87 Sr/ 86 Sr ratios (~0.7046-0.708), MgO >12 wt. %, and low trace element abundances (and TiO 2 and P 2 O 5 ) to support an assimilation relationship between the two subgroups of Cottonwood Spring basalt. The ratio plots in Figure 14 include a representative lower crust composition as a pyroxenite xenolith (GN11-1; Kempton et al., 1990) and as an average global value (Rudnick and Gao, 2003) , and representative upper crust as granitoid basement present in the G-SVP and as a global value (Rudnick and Gao, 2003) . Several panels in Figure 14 rule out a relationship between high-and low-Ti-P Cottonwood Spring subgroups through assimilation of lower crust (e.g., Zr/Nb; Zr/Hf). This is further supported by assimilation fractional-crystallization as described in a following section. Therefore, our straightforward interpretation is t hat each C ot tonwood Spring subgroup represents different but generally similar sources with subduction characteristics and small-scale trace-element-abundance and 87 Sr/ 86 Sr-isotopic heterogeneities. However, the differences in source trace-element abundances notwithstanding, the relative abundances suggest that the high-Ti-P subgroup represents smaller melting percentages of its source than does the low-Ti-P subgroup represent of its source.
Finally, the Cottonwood Spring samples that are slightly more evolved (~9.5 wt. % MgO) appear in the major element plots (Fig. 5) to represent differentiation from the high-Ti-P Cottonwood Spring subgroup. This can be modeled by leastsquares mass balancing to show that this represents ~5 percent crystallization of mainly clinopyroxene (~3.5 percent) and lesser olivine (Table 7) . However, some differences in trace element ratios involving Nb (Fig. 14) suggest that relationships between relatively evolved and primitive Cottonwood Spring basalts (LN4 and SR5, respectively; Table 7 ) was more complicated that direct differentiation. They perhaps had generally the same source but with small traceelement differences.
Weekes Wash Basalt
The Weekes Wash basalts show relatively high SiO 2 and low MgO attended by decreasing incompatible-element abundances over ~10-8 wt. % MgO. This positive relationship between incompatible elements and MgO is opposite of what is expected for differentiation, and instead, it likely reflects crustal contamination. In that case, the decreasing trend of Th (Fig. 6) suggests that lower crust was the principal contaminant, because Th in the upper crust is notably higher than in basalts (e.g., Rudnick and Gao, Reiners, 2002) , including in southwestern U.S. (e.g., Glazner et al., 1991) , and in these cases, the trend was attributed to assimilation.
To explore these characteristics for Weekes Wash basalts, we modeled assimilation fractionalcrystallization (AFC) between a Cottonwood Spring sample that is close in composition (low-Ti-P subgroup) to Weekes Wash basalts and a lower crust pyroxenite (Kempton et al., 1990) . In particular, we modeled incompatible-element abundances calculated for partial melts of the lower crust to mix with mantle magma (using SR11), and then evaluated the hypothetical hybrid produced with respect to Weekes Wash trace element compositions. Our AFC modeling includes some assumptions and conditions:
(1) The lower crust is near its solidus T o to minimize crystallization of the assimilant in response to mixing with the assimilate (the partial melt of lower crust). This condition was probably met, as the lower crust temperature is estimated to have been at least 750 o C during Miocene (e.g., Hawkesworth ) and numerical modeling (e.g., Petford and Gallagher, 2001) . Additionally, any volatiles present would lower the solidus. (2) There was a large temperature differential for the assimilant (magma; e.g., >1300 o C) to enable it to provide substantial sensible heat and require little heat as enthalpy during assimilation. (3) A high temperature dif ferentia l wa s sustained, possibly by replenishment magmas (e.g., Petford and Gallagher, 2001 ). Our AFC model melts a high-MgO (12.5 wt. %) lower crust pyroxenite (50.6 wt. % SiO 2 ; ol-hy normative; GN11-l; Kempton et al., 1990 ) that has relatively low abundances of incompatible elements. Its model melting is achieved largely by heat from magma having Cottonwood Spring basalt composition SR11. Figure 15 has several panels with curves for up to 60 percent melting of the pyroxenite. These show that progressive melting of lower crust produces trends of decreasing incompatible element abundances in the melt. The purpose of melting lower crust to at least 50 percent is to produce an assimilate adequately low in incompatible element abundances to "dilute" the assimilating magma (SR11) during the AFC process. Partial melting of lower crust can reach 50-60 percent based on, for example, amphibolite as one kind of lower crustal rock that can melt to ~48 percent between 900 o and 1000 o C (e.g., Rushmer, 1991) , and melting experiments on dry pyroxenites to at least 60 percent at 2 GPa and ~1370 o C (e.g., Keshav et al., 2004) . The modeled hybrid melts represent when SR11-composition magma mixes with the 50-percent meltproduct of pyroxenite. Each panel in Figure 15 has a curve inside the compositional field for Weekes Wash basalt that was calculated to represent mixing of the 50-percent melt into basalt-SR11 composition in proportions from 20:80 (pyroxenite melt:basalt) to 50:50. (The 20 -50-percent increments on the curves designate the pyroxenite proportion.) That is, the curves support Weekes Wash as a hybrid, or a product of Cottonwood Spring low-Ti-P magma assimilating lower crust melt. The results, however, are for conditions where little to no crystallization occurs in the assimilant, SR11, which requires using an r ratio of 2.5 in the AFC calculations. The ratio r represents the mass of crustal assimilation to the mass of crystallization in the assimilating magma (i.e., basalt mixing with crustal melt and essentially no crystallization in the assimilating magma). This is a high r value, but one observed by Reiners et al. (1995) as possible to retain up to ~18 percent of an AFC process. Clearly this requires the basalt assimilant to be sufficiently hot relative to the crustal melt with which it mixes. Alternatively, if the trace element abundances in the lower-crust assimilate were lower than in the composition chosen for the modeling, the r value would be closer to 1.
As it stands, the mixing curves between lowTi-P Cottonwood Spring basalt in the four Figure  15 panels show that Weekes Wash basalts can be produced by mixing a 50-percent-melt of lower-crust pyroxenite ( Fig. 15 ; GN11-1; Kempton et al., 1990) into mantle magma having SR11 composition, such that the pyroxenite melt forms 20-50 percent of the mix. Weekes Wash basalt trends of decreasing incompatible elements with decreasing MgO (Fig.  6 ) could therefore represent increasing proportions of pyroxenite melt mixing with the assimilating (Cottonwood Spring) magma.
While the trace-element compositions and AFC conditions modeled are not constrained or unique, the essence of Figure 15 is that mixing of lower-crust melt with primitive mantle basalt is a viable explanation for the origin of the Weekes 
--------------------------------
All analyses by electron microprobe; each column is an average of 6-12 points/grain a = xenocryst; b = groundmass albite laths; c = groundmass nepheline; d = stoichiometric recalculation of ferric and ferrous Fe Table 5 . Representative compositions (in weight percent) of plagioclase (and nepheline) and oxides in basalts of the G-SVP.
Wash basaltic lavas. Also, while we did not observe xenoliths in Cottonwood Spring basalts that unequivocally represent lower crust, the single xenolith collected and examined (Fig. 3F ) may have some relevance to our AFC model. As a felsic composition, it is probably from upper crust, but it nonetheless demonstrates that low-Ti-P Cottonwood Spring magma interacted with the crust.
Major element compositions for this model are uncertain, but pyroxenites that are marginally between SiO 2 -excess and SiO 2 -deficient-such as the one we modeled for AFC-are capable of yielding melts of 48-50 wt. % SiO 2 and 8-12 wt. % MgO (e.g., Keshav et al., 2004; Kogiso et al., 2004) . This would satisfy the mixing model for producing Weekes Wash major element compositions and the compositional trends between 8 and 10 wt. % MgO. One other outcome for the hybrid melt (Weekes Wash) is clinopyroxene with lower mol % Wo than clinopyroxene in the starting magma (Cottonwood Spring) (Fig. 10) , which is expected for magmas with SiO 2 higher than that of alkalic basalt (e.g., Fodor et al., 1975) .
To summarize for Weekes Wash basalts, we suggest that heat from the low-Ti-P subgroup of Cottonwood Spring alkalic basalt magma created at least 50 percent melting of lower crust. Progressive partial melting of pyroxenite-as one example of lower crust lithology-yields progressively lower incompatible-element abundances in the melt produced. After ~50 percent pyroxenite melting and sufficiently low concentrations of incompatible elements in the melt, the melt mixed with alkalic basalt (SR11) up to proportions of ~50 percent to account for the compositions and compositional trends observed for Weekes Wash basalts.
Weekes Wash Evolved Lavas
While Weekes Wash evolved lavas have lower MgO (~8-2.5 wt. %) and higher SiO 2 (~52-62 wt. %) than their associated basalts, many have major element (e.g., Al 2 O 3 , P 2 O 5 ), incompatible element, (e.g., Ba, Th, La, Zr, Nb) and compatible element (Ni and Cr) abundances, and clinopyroxene phenocryst compositions (Mg#s ~84) comparable to those of the Weekes Wash basalts. When these characteristics are considered along with the quartz and alkali feldspar xenocrysts and the calcite in groundmasses in many evolved lava samples-suggesting crustal contamination and alteration (Table 1 ; Fig. 3C )-we conclude that some outcroppings of Weekes Wash evolved lavas only appear to be basaltic andesites and andesites, and are instead altered and/or crustalcontaminated Weekes Wash basalts. The alterations appear to have largely decreased magmatic MgO (e.g., olivine phenocrysts are iddingsitized), the xenocrysts elevated SiO 2 , and both alteration and feldspar xenocrysts probably contributed to the wide range in K 2 O observed for evolved lavas (Fig. 5) . Table 6 . Isotopic compositions of basaltic lavas from the G-SVP. Johnson and Beard, 1993) Plots of trace element ratios in Figure 14 further suggest that the upper crust may be a component in some evolved lavas (e.g. Zr/Nb; Nb/P 2 O 5 ; Zr/Sm).
On the other hand, some ratios do not point to an influence from upper crust. For example, the evolved lavas as a group do not have high Th/Nb ratios, which Nd/ 144 Nd ratios with those for other basalts in the Basin and Range province (after Kempton et al., 1991) . Four samples have only 87 Sr/ 86 Sr available and are plotted along the baseline at their respective ratios. B, ε Hf and ε Nd for two of the basalts in panel A. They fall within the global mantle array, one more enriched in radiogenic Hf than the other. ε values are calculated for 20 m.y. age. Lower crust xenolith data from Esperança et al. (1988) and Kempton et al. (1990) . Global array data from S. Huang (unpublished compilation) .
is a good indicator of the presence of the upper crust and could confirm whether felsic xenocrysts influenced some trace element abundances in the lavas.
Complicating our interpretations for the origins of the evolved lavas is the observation that some samples have characteristics consistent with differentiation from Weekes Wash basalts, such as three samples (CT2, CT2a, CN3) with relatively low abundances of Ni and Cr, ~30 and 60 ppm, attending high SiO 2 (~53-59 wt. %) and Al 2 O 3 (>17 wt. %), and low MgO (< 5 wt. %). Also, clinopyroxene phenocrysts in two of these samples are slightly more evolved, Mg# 78-84, relative to those in most basalt samples (Figs. 10, 11 ). These samples may represent removal of olivine and clinopyroxene from parental basalt (although a thin section of one sample contains a quartz xenocryst to suggest an additional influence on major element compositions; Table 1 ). The high Al 2 O 3 /CaO ratios, >3, in these evolved lavas support clinopyroxene segregation from their parental magmas (Fig. 5) .
There are also some evolved lava samples (e.g., RH3b; BD1a) with compositions that appear to 
∑r 2 = differences between calculated parent magma compositions by linear regression and actual parent magma compositions, examined for each oxide expression (e.g., SiO2, TiO2, etc), squared and all summed (value closer to zero, the better the 'fit'; e.g., Bryan et al., 1969) . a = italics for calculated Na2O and K2O to demonstrate that these alkali elements 'fit' poorly, and are largely responsible for the high ∑r 2 for CT1 modeling b = mineral compositions are in Tables and .   Table 7 . Least squares linear regression (mass balancing) models for crystallizing parent Cottonwood Spring basalts SR5 (high Ti-P) and BW3 (low Ti-P) to yield compositionally evolved daughter basalts LN4, CT1 (FeTi-rich), and AG3 (hawaiite), G-SVP. Compare calculated parent compositions (in parentheses) with the actual parent compositions to evaluate the quality of the 'fit.' have experienced the lower-crust AFC processes we described for Weekes Wash basalts, as they have some LILE and LREE lower than the basalts (e.g., Ba ~875; Th ~2.6; La (n) ~75; Figs. 6, 7B). Also, there are a few evolved samples with notable P 2 O 5 negative anomalies (Fig. 8B) , which could reflect differentiation from basalt to andesite (e.g., they have SiO 2 >60 wt. %) and/or some crustal contamination because each process can account for low P 2 O 5 , such as <0.15 wt. %.
Our summar y for Weekes Wash evolved lavas is that their compositions reflect a variety of Figure 14 . Incompatible trace-element ratios versus P 2 O 5 plots for basaltic lavas of the G-SVP. This plot is useful for discerning relative source compositions for the lavas, as well as helping evaluate whether upper or lower crust are components of the basalt compositions. Symbols are as in Figures 5 and 6 , and some lava groupings are encircled for clarity. Average upper crust composition (Rudnick and Gao, 2003) and two G-SVP granitoid basement rocks (also upper crust, but our unpublished data) are plotted as (+) symbols; average lower crust composition (Rudnick and Gao, 2003) and an Arizona lower crust pyroxenite xenolith (GN11-1) from Kempton et al. (1990) are plotted as (*) symbols.
processes, such as differentiation from Weekes Wash basalts, interactions with lower and upper crust, and alteration. It is not clear that the felsic xenocrysts modified magmatic compositions in any way other than to elevate SiO 2 and K 2 O, and they probably had little if any influence on trace element abundances in these evolved lavas.
Fe-Ti-rich Apache Gap Basalt
Most major elements expressed in the MgO variation diagrams (Fig. 5) are consistent with the Apache Gap lava as a differentiate from Cottonwood Spring basalt. Indeed, mass balancing shows that SR5, a high-Ti-P subgroup sample, has a general differentiation relationship with Apache Gap CT1 by ~60 percent crystallization of mainly clinopyroxene and plagioclase (Table 7) . However, the low Na 2 O and K 2 O back-calculated for SR5 relative to the actual parent Na 2 O and K 2 O abundances preclude a good "fit" for this relationship. Similarly, the relatively low incompatible-element abundances of Apache Gap lava (Fig. 6 ) cannot be achieved by clinopyroxene and plagioclase fractionation.
It appears, then, that another process was involved in producing Apache Gap lava with its Fe and Ti enrichment and relatively low MgO. Assimilation of lower crust with relatively low incompatible-element abundances by Cottonwood Spring basalt was likely Figure 15 . Assimilation fractional crystallization (AFC) curves to demonstrate whether 10 to 60 percent melts of lower crust pyroxenite (GN11-1; Kempton et al., 1990) were mixed with high-Ti-P and/or low-Ti-P Cottonwood Spring basalts to yield Weekes Wash basalt compositions as hybrids (sample symbols are as in Figs. 5 and 6). Mixing curves represent hybrid compositions calculated from the mixing of both low-and high-Ti-P Cottonwood Spring basalts with a 50-percent melt of pyroxenite (tick marks on pyroxenite melting curves are 10 percent increments). Notable is that the mixing curves for 20-50 percent of a 50-percent melt of the pyroxenite mixed with low-Ti-P basalt (diamonds, encircled) fall in the fields for Weekes Wash basalts to suggest a viable AFC relationship between the two components. The 20-50-percent increments on the mixing curves, shown by open circles, refer to percentages of the 50-percent melt of pyroxenite that is in the hybrid (i.e., from 20 to 50 percent of a 50-percent-melt of pyroxenite in 80 to 50 percent proportions with Cottonwood Spring SR11 yields Weekes Wash compositions). Note that mixing curves for high-Ti-P basalt (SR5 used in calculations; diamonds with dashes, encircled) and a 50-percent melt of pyroxenite also mixed in proportions from 20:80 to 50:50 (curves with + in 10 percent increments) do not overlap Weekes Wash basalt compositions. Partition coefficients used for pyroxenite batch melting are: P, 0.05; Zr, 0.15; Nb, 0.05; Ba, 0.05, Th, 0.05, Sm, 0.2. involved, as it was for Weekes Wash basalts. In this case, however, its comparatively high FeO and TiO 2 , small volume of the outcroppings, evolved olivine (~Fo 65 ), and andesine xenocrysts are all features consistent with it having formed in an isolated crustal reservoir by assimilation fractional-crystallization. Isolation of magma allows Fe and Ti to concentrate in differentiated liquids, and interaction with country rock accounts for plagioclase xenocrysts with reaction rims.
Middle Section Basalt
The similarity of trace-element patterns between the two middle-section lavas and those of Weekes Wash basalts leads us to interpret them as having the same AFC origin we described for Weekes Wash basalts. However, because one lava (TF1) is notably lower in incompatible elements relative to Weekes Wash basalts, the lower-crust assimilate may have become depleted during Weekes Wash basalt origin. Alternatively, TF1 represents assimilation (by a Cottonwood Spring-like magma) of a greater percentage partial melt of lower crust than that interpreted for Weekes Wash basalts. In either case, the interaction between alkalic basalt magmas and the lower crust appears to have persisted over the ~0.5-m.y. period of silicic pyroclastic volcanism that occupied the time between emplacements of lower and middle section basalts.
Upper Section Hawaiite
The Willow Springs hawaiite Sr isotopic composition resembles that of the low-Ti-P subgroup of Cottonwood Spring basalt (Table 6 ; Fig. 13 ), and its major and trace element abundances plot in MgO diagrams as extensions of Cottonwood Spring basalts. Accordingly, least squares mass balancing shows a good fit for basalt having BW3 composition (low-Ti-P subgroup) differentiating to Willow Springs AG3 by crystallizing ~51 percent of equal amounts of clinopyroxene and plagioclase and small amounts of olivine and titaniferous magnetite (Table 7) . However, the comparatively low incompatible-element abundances and the negative Th anomaly of the hawaiite (Fig. 8F) conflict with a direct differentiation origin, and instead suggest some involvement of lower crust to produce the hawaiite.
Upper Section Black Mesa Basanite
The relatively high LILE abundances in Black Mesa basanite appear to be allied with those of the Cottonwood Spring high-Ti-P subgroup (Figs. 6,  7F ), although the basanite is differentiated (MgO ~8 wt. %) in comparison. Also, the basanite shares its ~0.706 87 Sr/ 86 Sr ratio with Cottonwood Spring highTi-P basalts. However, some different abundances for and ratios among Zr, Nb, Ta, P 2 O 5 , and Th in the basanite compared to those for Cottonwood Spring high-Ti-P subgroup (Figs. 6, 14) , plus the SiO 2 -undersaturation of the basanite and its notably younger age (e.g., Fig. 2) , make a differentiation relationship unlikely. These differing characteristics suggest that the basanite had a unique source. In particular, its SiO 2 -undersaturated, highly alkalic, and CaO-rich composition is consistent with small percentage partial melting of a carbonitized source (e.g., up to 5 wt. % CO 2 ) of either pyroxenite (eclogite) or peridotite lithologies (e.g., Dasgupta et al., 2006 Dasgupta et al., , 2007 Brey et al., 2008) . This lithology can additionally explain the LILE and HFSE characteristics of the basanite. For example, the lower Zr/Nb in the basanite is explicable by carbonatitic melt in equilibrium with garnet and amphibole source minerals where such melt is enriched in Nb and Ta along with LILE (Sweeney et al., 1992; Brey et al., 2008) . The influence of garnet, and to a lesser extent amphibole and clinopyroxene, in the source for the basanite additionally explains the relative enrichments in Nb and Ta over other HFSE (Zr, Y, Hf) (Figs. 6, 14) . This is because under conditions of either carbonatitic or silicate melts in equilibrium with these minerals, D Nb,Ta min/liq << D Zr,Y,Hf min/liq (Sweeney et al., 1992; Green et al., 1989 Green et al., , 2000 Brey et al., 2008) . Whether or not other compositional aspects of the basanite and other G-SVP basalts document the presence of garnet in their sources is explored by Ce/Yb ratios (next section).
Attributes of Mantle Sources
In addition to the mantle sources for G-SVP mafic lavas having Nb-Ta negative anomalies (Fig.  8) -a feature long noted in basalts as representing subduction environments that probably contain rutile (e.g., Baier et al., 2008) -they also had relatively high Ba and Sr abundances. Basalt high LILE/HFSE ratios (e.g., Ba/Nb, Fig. 14) are also characteristics of subduction environments Green and Adam, 2003) .
These source characteristics in G-SVP basalts are also present in Oligocene-Miocene southwestern U.S. transition-zone basalts as a whole (e.g., Kempton et al., 1991; Bradshaw et al., 1993) . Moreover, based on correlations between certain trace element ratios, such as Ba/Nb and La/Nb, plotted against Sr, Nd, and Pb isotopic ratios from extensive data sets of southwestern Miocene basalts, Kempton et al. (1991) , , and Bradshaw et al. (1993) all conclude that the isotopic relationships with trace elements require a long development time. Southwestern U.S. Miocene lavas therefore represent subduction associated with Proterozoic (~1.6 Ga; Kempton et al., 1991) continental accretion and not with the Tertiary subduction tied to the Farallon plate. We infer the same for G-SVP basalt sources because their geochemical characteristics, geologic setting, and ages are all similar to those of other southwestern mid-Cenozoic lavas. Namely, G-SVP basalt traceelement characteristics reflect ancient subductionenriched subcontinental lithosphere.
Evaluating certain trace-element abundances and ratios in G-SVP basalts can provide additional compositional detail about their subcontinental lithospheric sources, such as identifying the presence or absence of residual garnet. This can be assessed by plotting Ce/Yb (n) versus Yb (n) (n = primitive mantle normalized) because Ce is incompatible and Yb compatible with respect to garnet. Figure 16 shows this trace element relationship for the Cottonwood Spring basalts. They are plotted together with batch partial-melting curves for garnet-free amphibolite and lherzolite and garnet-bearing eclogite (pyroxenite) and lherzolite. The source abundances for Ce and Yb used for model-melting these lithologies and the mineral-melting proportions are based on reasonable values. For example, for amphibolites and eclogites, data are in Dupuy et al. (1979) , Rajamani et al. (1985) , Beard et al. (1992) , Jahn (1998), and Zhilong et al. (2000) (e.g., Ce as 10 and 20 ppm and Yb as 1 ppm), and the lherzolite data and melting curves are reproduced from and based on Bradshaw et al. (1993) for their evaluation of the Miocene Colorado River trough subduction-related basalts. Figure 16 shows that all primitive Cottonwood Spring basalts have Ce/Yb (n) ratios too high for melting garnet-free amphibolite and lherzolite. They are instead allied with partial melting of a garnetbearing rock type, particularly lherzolitic, and we therefore conclude that their sources were garnetbearing lherzolite having ~3-4 percent modal garnet. This source assessment also holds for the youngest G-SVP lava, Black Mesa basanite, which has Ce/ Yb (n) comparable to Cottonwood Spring lavas, but higher Yb (n) (possibly owing to its fractionated composition, MgO ~8 wt. %).
The percentages of melting garnet-bearing lherzolites (shown on curves; Fig. 16 ) that correspond with the Black Mesa field are small, <0.5 percent, but can still be realistic because small percentages can reflect melting under carbonatitic conditions (e.g., McKenzie, 1985; Hirschmann, 2010) . Also, melting percentages are sensitive to trace-element abundances in the modeled source. For example, by increasing garnet lherzolite Ce abundance by 25 percent (Ce from 4.2 to 5.2 ppm; Bradshaw et al., 1993 ) moves the 0.5-percent melting mark on the 4-percent garnet curve above the field for Cottonwood Spring from below it (4-percent garnet curves; Fig. 16 ). That is, by modeling a slightly more fertile lherzolite, the melting curves relative to actual basalt compositions show greater melting.
We can determine another characteristic of the garnet-bearing source from the observation that ε Hf of SR11 is slightly more radiogenic than the best-fit line in the global array (Fig. 13) . Because garnet retains Lu over Hf, over time this would lead to relatively high ε Hf in a garnet-bearing source. Therefore, the source may have experienced ancient melt removal prior to the melting that produced the Miocene magmatism for the G-SVP. This source history would account for the slightly more radiogenic Hf than the 'bulk earth' proxy.
The negative K anomalies in some G-SVP basalts (Fig. 8 )-more pronounced in Black Mesa basanite than in Cottonwood Spring basalts-suggest that their sources contained phlogopite and/or amphibole, and that small partial melting percentages left one or both minerals as residual. However, lack of a Ba anomaly eliminates phlogopite as residual because the K D Ba phlog/melt is >> 1 (e.g., LaTourrette et al., 1995) . Amphibole is the likely residual, as K D Ba amph/melt is ~0.1 and K D K amph/melt >1 (e.g., Sweeney et al., 1992; LaTourrette et al., 1995) . While Rb is not as enriched as Ba in the Black Mesa basanite and Cottonwood Spring basalts relative to primitive mantle (Fig. 8C, F) , it is nonetheless >10 times that in primitive mantle and has a K D solid/melt ~0.2-0.4 (Sweeney et al., 1992; LaTourrette et al., 1995) , or ~2-4 times larger than that for Ba (i.e., Rb is less incompatible than Ba). Accordingly, we conclude that the negative K anomalies in G-SVP samples likely reflect amphibole in their sources. Black Mesa basanite's comparatively 'deeper' K anomaly, along with its SiO 2 undersaturation, suggest a smaller percent of mantle melting near the waning of G-SVP volcanism at ~18 Ma than at its beginning at ~20.5 Ma.
SUMMARY
The mid-Miocene primitive alkalic basalts of the Goldfield-Superstition volcanic province Figure 16 . Ce (n) vs Ce/Yb (n) , where (n) refers to normalization to primitive mantle (Ce 1.775 ppm; Yb 0.493 ppm), for Cottonwood Spring, Black Mesa, and Willow Springs basaltic lavas of the G-SVP, to evaluate the presence of garnet in the basalt sources (sample symbols used are as in Figs. 5 and 6). All curves are for melting various mantle source lithologies as labeled. Numbers on curves represent percent of batch melting, varying from 0.5-30 percent depending on the rock type melted. There are two neighboring 4-percent-garnet lherzolite melting curves-one with 25 percent more Ce than the other-to demonstrate how melting percentages vary with slightly greater lherzolite fertility. Cottonwood Spring basalts fit the melting of a garnet lherzolite with ~4-percent garnet, and Black Mesa basanite fits garnet lherzolite with ~3-percent garnet. The AG2 triangle is the plot for the highest MgO Willow Springs hawaiite, also consistent with a garnet-bearing source. The lherzolite curves are based on data in Bradshaw et al. (1993) , and the 4 percent and 2.5 percent are reproduced from that publication. The eclogites are designated as having source compositions of Ce 20 or 10 ppm and Yb 1 ppm; amphibolite melts calculated using source Ce 10 and Yb 2 ppm. Calculations use these values: eclogite mode (melting props.), pl 15 (0.1), amph 17 (0.5), cpx 53 (0.2), gar, 15 (0.2); amphibolite mode (melting props.), pl 21 (0.2), amph 76 (0.72), Q 3 (0.08); garnet-lherzolite modes and melting proportions in Bradshaw et al. (1993;  Table 3 'Nions, 1991; Bradshaw et al., 1993; Sen and Dunn, 1994). repre sent pa r t ia l melt s of subc ont i nent a l lithospheric mantle with ancient subduction-zone characteristics. They are comparable in that regard to many other Oligocene and Miocene basalts of the southern Basin and Range and its transition zone to the Colorado Plateau. The sources for G-SVP basalts were garnet-bearing, probably additionally with amphibole. The sources were heterogeneous on a small scale based on some compositional differences among the succession of erupted basalts. These include different abundances of some incompatible trace elements at a given MgO; different ratios among some incompatible trace elements; and two different 87 Sr/ 86 Sr ratios for the earliest, most primitive G-SVP basaltic magmas. These source heterogeneities are evident over both a small surface area and a relatively short geologic time period.
Assimilation fractional-crystallization in the lower crust by some alkalic basaltic magmas was an important igneous process leading to the first-erupted basaltic lavas having compositions transitional between alkalic and tholeiitic and with incompatible elements correlating positively with MgO. Some of these lavas differentiated and/or became altered and/or acquired felsic xenocrysts to manifest high SiO 2 and low MgO andesitic compositions. Some early alkalic basalt differentiated while attended by lower crust assimilation to produce small-volume FeTi-rich basalt. That alkalic basaltic magmas differentiated in reservoirs is further suggested by absence of mantle xenoliths in any lavas, as occupying reservoirs would have enabled dense xenoliths to gravitationally settle.
Over the ~0.5-m.y. period of silicic volcanism that followed the early basalt emplacements, the sources for basaltic magmas remained garnetbearing and produced basalt that locally yielded hawaiite by ~50 percent crystallization. Near or at the end of mafic magmatism, one mantle source produced basanite. That source yielded magma with incompatible trace-element abundance ratios that differed from some of the abundance ratios (e.g., those with Nb) representing the time when the lithosphere was tapped by early G-SVP magmatism. The basanite's highly alkalic composition attending its high CaO and SiO 2 undersaturation demonstrate that its source was carbonitized and that the basanite originated by a smaller percentage of source melting than earlier alkalic basalts.
The G-SVP basalts comprise only a small volume of the volcanic rocks that make up the central Arizona silicic large igneous province, for which basaltic magmas provided the heat to generate its silicic magmas. While the petrology and geochemistry of the G-SVP basalts are generally consistent with those of other southern Basin and Range and transition-zone basaltic lavas, there are details specific to the G-SVP basalts: some magmas erupted as near primarycomposition melts, and others interacted with lower crust to assimilate, differentiate, and acquire crustal felsic xenoliths; and, the lavas collectively show how the final eruptions in the province point to some changes having occurred in source-melting environment and conditions over the ~2.5-m.y. span of GoldfieldSuperstition magmatism. 
